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THE PHASE ANGLE OF POTENTIOMETERS 
USED AS RHEOSTATS 


Tlip phaso anglo of a varialilr persist or 
is nearly always a problem in precision 
circuitry. It is now IxH-ominK in¬ 
creasingly important owing to the wi<Uv 
spread use of this type of compoiHMit in 
computing and control systems. Investi¬ 
gations of the voltage phase shift in 
potentiometers use<I as voltagi* dividers 
have Ix^en re|X)rted in the literature.*’* 
This article is primarily conceniCHl with 
“|M)ts’* us4m 1 as rhcM)stats, and, therefori', 
the phas(‘ angle is that of an impcMlance. 

We are inten^ted here only in the 
small plnuse angle by which a rlu'ostat 
dilTers from a pure n'sistance. This vari¬ 
ation from the ideal, causiMl by induct¬ 
ance* and stray capacitance, is (»ften a|>- 
pre<*iable at audio fre(|uenci(*s. We are 
not com*(*rn(Hi here with the large phase* 
angle*s that ex-cur at higher free|uene-ie*s. 

'I'he* prf*e-ise me*asure*m(*nt eif the* phase* 

angle* of a re*siste)r at auelio fre'e|ue*ncies 

has hitherte) be‘(*n difficult.* large»Iy be*- 

e-ause* meist aueiie)-fre*que»ne*y bri<lge*s use* 

rhe'eistats whexse* phase angle's may be* 

*M. H. Ilttvi'n uml J. I.. W«^t, ChiirMt- 

trrwtio,” T*tf~Tfrh timi Eltcinmie InduHtrirA, hVbrunry, 
lOAri. 

***A*e' IVrf«»rii«*inT niul PhaHc Cmniviugition of Copter 
.Maiwlrel Potfiiti*imrtrf»,*' UrliinU TrrhHinti Po;»er, |,U7 
Hi. II. Itaynor ntitl I,. II. FtJftl, ”Tlie .\-C l*r»»|M‘riii*«» of 
Hfituitoro Nlifl Pttlential Dividrrit at Power anil .\uiiu> 
Krrtiuenriea, auti their Meaaurernent,** Jtmrital »/ 
Srienlific InMlrument^, 3, 4. n. May, lll.Vt. 

^M. C IfoUje and II. P Hall.-*.\ Hi^-PreeUion Iiiiped- 
nnro Comparator,” Grnrral Hudio Esftrrimrntrr. .HI. 11 
April lU.'iO. 


comparable to theise* which are to bo 
mea.surf*el. 'fhe* new (Jene*ral Hadio Type 
l()0o-.\ Imix*eiance C’eimparator^ mak(»s 
possible pre*cise yet rapid mefisure'meiits 
by comparison with small fi.\(*el resisteirs 
of negligible phase* angle*. The d(*sire to 
c.xplain data taken with this instrume*nt 
hius k*d to the analyse*H and e-jdculations 
which folleiw. 

PHASE ANGLE CALCULATIONS 
ON RHEOSTATS 

Fixed Resistors: IxM us consiele*r first 
the* phase angle* of a fixe*el re*sistor. The 
familiar eepiivalent circuit of Figure 2 is 
valid in all re»siste>rs if we con.side*r exily 
small pha.se* angle's. 

The (J of this cire*uit is: 

Q= id(L H-HC) (uj'UrC R) (1) 
We will limit oui‘se*lv('s te» value's of Q 
le'ss lhan 0.1, so that we can set: 

Q = A* R^ e tnn^ (X R) (2) 
whe*re B is in raelians (sine*e tan (.1) = 
.l(M)o, which is close* i*nough fe^r exir 
calciilatiems). Tei show that the* co'^ tf*rm 
is ne*gligible, we* can e.\pi‘t*ss w R 
iv:> {idL R)^ (u3R('). \i oj/^f ’ and a)/.« R 
are e*ach l(*ss than 0.1, the cuIxhI te'rm is 
less than I 100 eif the firstnirele'r terms 

Figur* 1. Panel view of the Type 1605-A Impedance 
Comparotor, used for the measurements described 
in this article. 
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aiul is thus This would iiuli- 

cate that th<* ctTefta of induetaiifo ean he 
addoil to those (»f eapaeilaiiee, sinre the 
terms resulting from the intera<*tion lie- 
tween the two are iie|di|(ihle for small 
phas4' anKh*^^- t herefore, we ean us4» the 
simple expn*ssion 

fl=V = u(/. //r] (31 

for our ealeiilations. Note from this ex- 
prc'ssion that: 

(a) Q is pro|a>rlional to w. an<l there¬ 
fore the fre(|ueney of measurement is un¬ 
important, except that it must he chosen 
to give Q valiK^s that are metusurahle 
hut U^ss than 0.1. 

(h) Low-valued r(‘sistors are inductive, 
and high-valued resistors are capacitive. 
'Lhe transition for win‘-wound ri^sistors 
occurs usually h(?twe<'n ‘J(KK) and ‘J0,(K)0 
ohms. 

(c) For value's of /i* where both terms 
are important, it is impossible to meas¬ 
ure L and C separately. 

Rheostat with Inductance Only 

Figun* 3 shows a measurcMl curve of 
Q vs rotation for a lOtKhohm pot (Typk 
l)73K). This plot shows that, for iiuksI 
of the range of rotation, Q is constant. 
This meatus that the inductance is in¬ 
creasing linearly with rotation. If Q is 
a.ssume<l constant, the equivahait cir¬ 
cuit is that of Figure 1, and the expres¬ 
sion for Q is: 

0 = 0)(a/j/aR) •= icL. R ( 4 ) 
where a « normalized r«)tation 
U = total resistance 
Ij = total inductance 




aR aL 
O-Wt -o 


Figur* 4. 


Although, in our calculatioius, the vari¬ 
ation in Q is neglei’tcsl wlaai a is small, 
this efTect should not Ih* overl(H)k(Mi if 
the phase angle must 1 h' accurately 
known for small angU*s of rotation. 
This variation is caustMl by mutual in¬ 
ductance between the turns of the wind¬ 
ing. If the coupling were perfect, the 
inductance would be proportional to rr 
and and Q would be proportional to 
a. However, the coupling exleials over 
only a few neighboring turns, so (hat, 
as more and more turns are use<l, the 
variation approaches that of th(* un¬ 
coupled ca.se when* the in<luctan<*(* in- 
cretuses linearly with n and a. 

Rheostat with Lumped Capacitance 

If we assume that the stray capaci¬ 
tance i.s lum|KHl across the terminals as 
shown in Figure o, the circuit may lx* 
drawn, for convenience in analysi.s, as 
shown in Figure b. Tlu* (J for this circuit 
is: 

Q = wa/?{r, -FTo) 

-h 0)^0 (1 -a) + r.) 4-., . (5) 

The oj^term can be shown to be Jiegli- 
gible if the first term is li^s than 0.1. 
Therefore, we can use the simple eiiuiva¬ 
lent circuit of Figure 7 and the expression 
Q = ao3R(' (()) 

where r = f', -f f "hich is a straight 
line from the origin. When the induct¬ 
ance effect is added to this cai)acitance 
effect, the ecpiation bcH’omes 

Q = (j){L R ixR(') (7) 
The .second curve of Figure 3 shows the 
inductive pot with addt*d himtHHl ca¬ 
pacitance to illustrate ecpiation (7). 


Figur* 3. 
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Figur* 7. 


Equivalent Circuits for 
Distributed Capacitance 

For many rhcHJstata the assumption 
I hat the stray capaeitnnee is lumped 
across the imit is an oversimplification, 
lietter results are obtained if it i.s also 
assumc^d that there is capacitance dis¬ 
tributed along the winding to a con¬ 
ductor, which may be the housing, a 
supporting panel, a metal mandrel, or 
a shield. The total phase angle can then 
l>e calculatefl as the sum of these fixed 
anti di.stributtxl capacitance effects. Bt^- 
^ cause we are conc'erned with first-order 
effects only, we can use lumped-param¬ 
eter ctiuivalent circuits for the distril)- 
uttni circuit of Figure 8. The circuits of 
Figure's 9 and 10 give the same results as 
the first-order terms of the h>'perbolic 
functions of the well-known transmis¬ 
sion-line equations. The circuit of Figure 
9 is the more descriptive and uses an 
interesting division of the capacitance. 
The second circuit. Figure 10, is sim¬ 


pler to use, however, since it has fewer 
branches. The effective inductance of 
this circuit is the result of the capaci¬ 
tance. 

An equivalent circuit for a rheostat 
is given in Figure 11. Here the ri'sistance 
of the unustHi part of the winding, 
(1 —a) 72, is assumed negligil)le com¬ 
pared to the impe<lance of the stray 
capacitance, and the acdual inductance 
of the winding, aL, has been added. 

Formulas for Distributed Capacitance 
Effects 

The shape of the Q vs a curve for 
distributed capacitance effects dejK*nds 
on hoNV the conductor is connecte<l. The 
conductor could l)e tietl to thf' rotor, 
titnl to the end of the winding, left 
floating, or tied to a third terminal. 
The.se cases can all be quickly calculateil 
by use of the circuit of Figure 11 and 
the simple exprt'ssion of equation (3) 
aljove. 




(B«low) Figur* 11. 


I-o a 

aR i (i-a)R END aR au rotor 
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(a) Conductor tied to Rotor (or unused end) 


Figure 12. 





(b) Conductor tied to End 

oe— VWWWVwJW/VWVV 



+ is 


oR 


-- aR 


Figure 13. 



(c) Conductor Floating 


O—- 


Figure 14. 
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Figure 12. 



Figure 13. 



-oOC*!' Rcj^a-|o^ ^ 


Figure 14. 

R'=aR L'=aL+^^^^ 

—vwv\/\/—p° 


r' 


cX X^+d- 
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C’ • 


aC 


+ (1 -a)C 


aC oC ,, 

— \ — t (1 -a)C 
2 2 


(i-a)c 


aC 

2^4 




Figure 15. 

rr ^r2C 

R'= a R L'=^L+ 

WVV\A/~^^ 


'f I, 


L a’RC 




In (d) the Q given is that of the direct 
^ impedance, Note that the capac* 

itive arms of the network of Figure 11 
have no effect. 

Normalized plots of these functions 
are given in Figure 10 witli the induct¬ 
ance assimied to be zero. Inductance 
would simply displace the curves up¬ 
ward by oiL/R, 

EXPERIMENTAL CHECKS 
OF CALCULATED CURVES 

In order to check these equations, 
ineasureineiits were made on pots that 
had relatively large distributed capaci¬ 
tance to a conductor, so that the other 
stray capacitances would be negligible. 

Figure 17 shows curves for a |30t with 
a metal shield wrapped around the 
winding. Note that if the curvt's are 
displaced by u)L/R, they are similar to 
the calculated curves. The small dif- 
^ ference could be caused by other ca¬ 
pacitance's fjr irregularities in the dis¬ 
tributed capacitance. 

A good e.xamph' of the floating con¬ 
ductor case' is given in Figure 18, which 
shows the plot of a te'n-turn pot. This 
unit has a metal mandrel which is left 
fie>aling. The curve is calculated (the full- 
s<*ale mea.surement is use*d to calculate 
C) and the measured points arc shown. 

— II. P. II.VLL 


Figure 16. 




R<‘sull,s of mcttsurcmonts on n mimhcr of 
stmulnrd type's of iJot(!ntioinotrr.s will be 
pul)iish<'d in a sulrsi'quent issue. 


Figure 18.' 
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G. R. REPRESENTATIVE FOR GERMANY APPOINTED 



We take pleasure in announcing the 
apiK)intinent of Dr.-Ing. Gunter Xiiss- 
lein of Ettlingen/Karlsnilie as Gen¬ 


eral Radio representative for Germany. 

Complete information on all of our 
products may be obtaine<l by addressing 
inquiries to: 

Dr.-Ing. Nusslein 
Deutsche ^’ertretung der 
General Radio C'ompany 
EttUngen /Karlsruhe 
Diiniigwcg 6 

Dr.-lng. Xiisslein is a well-known 
figure in electronic engineering circles. 

He received the Diploma Engineer (hv 
gret* in radio engineering and the degree 
of Doctor of Engineering from the Tch*!!- 
nical University of Berlin. Since hisgrad- 
uation, he has been associated with 
prominent research and manufacturing 
institutions in Germany and for some 
years was a consulting engineer in pri¬ 
vate practice. He is the author of many 
technical articles on electronic matters 
and has numerous patents and patent ^ 
applications in the electronics field to 
his credit. 

This appointment was effective July 
I, 1907. 



UL-APPROVED VARIACS* 

We have received word from the 
Underwriters Lalmratories that threi* 
additional X'ariacs are now listed under 
their Re-e.\amination Service. This brings 
the number of UL-approved Variacs in 
the current models to 12. A complete 
list of approve<l models follows: 

Wo WoMT3 WoOHM 

WoL W.50 VIO 

W5M WoOM VIOM 

W5.MT W;30H V*20 


Radio Company 





lET LABS, INC in the GenRad tradition 

www.ietlabs.com 

534 Main Street, Westbury, NY 11590 TEL: (516) 334-5959 • (800) 899-8438 • FAX: (516) 334-5988 







